is paper is focused on the influence of the rough contact interfaces on the dynamics of a coupled mechanical system. For this purpose, a two-degree-of-freedom model of a coupled seismic-vibrator-rough-ground system is proposed with which the nonlinear vibration properties are analyzed. In this model, the force-deflection characteristic of the contact interfaces is determined by finite element analysis. By analyzing the undamped free vibration, it was found that the variation of the second-order natural frequency with amplitude increases with rougher contact interfaces; however, the amplitude has little influence on the first-order natural frequency of the system. For the harmonic excited analysis, the jump frequencies and hysteretic region both decrease with rougher contact interfaces. Moreover, it is inferred from the bifurcation diagrams that, increasing the excitation force, the system can bring about chaotic motions on rough contact interfaces.
Introduction
Contact interfaces exist in a wide range of mechanical systems and play an important role in the overall static and dynamic characteristics of such systems. e rough surface topography of the contact interfaces affects the wear, friction, and normal contact stiffness of the contact mechanics, which has a great influence on the dynamic properties, vibration noise, and energy transfer of the whole mechanical system [1] [2] [3] . In order to describe the rough contact interfaces, the fractal geometry is applied to construct the rough surface topography [4, 5] . Berry and Lewis [6] formed the initial basis for a fractal surface roughness description using the WeierstrassMandelbrot fractal function. en, Majumdar and Bushan [7] developed the first-contact models (the MB model) for the rough surface using the Weierstrass-Mandelbrot function. For the last twenty years, analytical approach has been of interest to many researchers. Ciavarella et al. [8] applied the fractal model for the investigation of contact stiffness and contact resistance of rough surfaces. Yan and Komvopoulos [9] extended the MB model to three-dimensional fractal surface and investigated the actual contact area and interfacial contact force of elastic-plastic rough surface. Several researchers have undertaken the study of the normal contact stiffness of rough surfaces [10, 11] . To further consider the impact of friction on the normal contact stiffness, Liu et al. [12] introduced a friction factor into the contact model of elastic-plastic rough surfaces. Due to the shortcomings of analytical approach, such as neglecting the bulk deformation, the finite element analysis has become an efficient way of contact analysis. For example, Komvopoulos et al. [13] , Pei et al. [14] , and Sahoo et al. [15] adopted finite element analysis for contact between rough surfaces.
Hertzian contact theory is generally employed for modeling the dynamic contact interactions. Nayak [16] introduced a theoretical groundwork to study dynamic contact interactions based on a single-degree-of-freedom (SDOF) system model by using the harmonic balance method. After that, several researchers studied the vibration characteristics of sphere-plane contact [17] [18] [19] [20] , but such contacts cannot reflect the actual topography of a rough surface. To construct the actual contact interfaces of rough surfaces, Xiao et al. [21] studied the force-de ection characteristics of a rough solid body-rigid at surface model and analyzed the free vibration and forced damped vibration of the SDOF system. Tamonash et al. [22] studied how the material properties of rough surfaces in uence the force-de ection curves and vibration characteristics of a rough contact system. All the above studies involving SDOF systems are limited to ignore e ects of contact interfaces on coupled mechanical system. Twodegree-of-freedom (TDOF) systems are important in engineering analysis because many practical mechanical components involve coupled vibrating systems that can be modeled using TDOF systems [23] [24] [25] .
To investigate the in uence of rough contact interfaces on engineering components, the present investigation takes as its example a seismic vibrator, which is a typical TDOF system. Castanet and Sallas et al. [26, 27] proposed the weighted-sum theory by assuming the vibrator as a TDOF system. After that, several researchers studied the dynamic response of the vibrator by describing it as a TDOF system. Lebedev et al. [28] analyzed the radiation of seismic waves by proposing a theoretical model to account for the baseplate exure. Liu et al. [29] established the kinetic equations of the vibrator-ground coupled system based on the theory of soil dynamics and analyzed the in uence of the system parameters on the vibrator output signal. In its working process, the vibrator radiates signals into the earth by being in contact with the ground surface. Hence, the contact interfaces have important e ects on the dynamic response of the vibrator. However, the previous studies lack the in uence of the ground surface topography on the free and forced vibrations of the vibrator system, making it necessary to establish a vibrator-rough ground coupled system. e aim of the present investigation is to study the nonlinear dynamic behavior of a TDOF vibration system that accounts for the in uence of rough contact interfaces. As a typical TDOF system, how the contact interfaces in uence the free vibrations and damped forced vibrations of the seismic vibrator are analyzed. A modi ed two-variable WeiestrassMandelbrot fractal function is used to construct the ground surface topographies, and the force-de ection characteristic of the vibrator in contact with the rough ground is determined by nite element contact analysis. e power-law function determined by the force-de ection relationship is used to describe the nonlinear contact sti ness between the vibrator and ground. A nondimensional kinetic equation of the TDOF system is developed to study the e ect of the rough contact interfaces on the vibration response, and a eld experiment is carried out to verify the dynamic model. By using numerical methods, the natural frequency, frequency response, and bifurcation diagram for di erent rough surface topographies are illustrated. e present research results will assist the study of the e ects of contact interfaces on the engineering mechanical systems.
Description of the TDOF System
e vibrator is the key component in the seismic vibrators that are used widely in oil and gas exploration. e geometry of the vibrator is shown in Figure 1 , the main components of which are the reaction mass and the baseplate (including top plate, supporting columns, piston, and baseplate pad). e reaction mass surrounds the piston, and the weight of former supported by two air suspensions is loaded on the baseplate as a static pressure. When the vibrator is in operation, the vehicle is lifted up and its weight (the hold-down load) is loaded on the vibrator baseplate. e vibrator radiates signals into the earth by being in contacting with the ground; therefore, the vibrator and ground constitute a coupled TDOF system, as shown in Figure 2 .
To consider the nonlinear contact characteristics of rough surfaces, a restoring force given by f (z) is applied to the system. e kinetic equation about the static equilibrium position of the TDOF system in Figure 2 is given by
where m 1 is the mass of the reaction mass, m 2 is the mass of the baseplate, z 1 and z 2 are the vibration displacements, k 1 is the hydraulic sti ness, d 1 and d 2 are the linear damping coe cients of the hydraulic oil and the ground, respectively, F t is the static load, including the hold-down load and the weight of the vibrator, z s2 is the static displacement due to the static load, and F sin(ωt) is the excitation force.
Model and Verification

Fractal Surface Modeling.
To establish the contact interfaces between the vibrator and ground, it is necessary to construct the surface topography of ground. Due to the selfsimilarity and scale-dependence of the ground surface, a fractal model can be used to describe the surface geometry [30, 31] . e three-dimensional modi ed ground surface topography is characterized using a modi ed two-variable Weierstrass-Mandelbrot fractal function [7] given by where L is the sample length, D is the fractal dimension that determines the relative contributions of the high and low-frequency components of the surface pro le, G is a characteristic length scale of the surface that is independent of the frequency, M is the number of superposed ridges used to construct the surfaces, n is a frequency index (n max int[log(L/L s )/log c]), ϕ m,n is a random phase in the range [0, 2π], and c (c > 1) is a scaling parameter. Consideration regarding surface atness and frequency distribution density suggests that c 1.5 is
Figure 2 Shock and Vibrationtypical for most surfaces [32] . e ground surface height z(x, y) at different points can be evaluated in MATLAB, as shown in Figure 3 .
Finite Element Contact Model.
To determine the normal contact stiffness between the contact interfaces, static analysis of rigid flat pad-rough surface is carried out using finite element contact analysis. Because the vibrator is in contact with the rough ground through its baseplate pad, a rough surface with sufficient area for the contact of the baseplate pad must be constructed, and the surface heights were generated from Equation (1) in MATLAB. e surface points were then imported into ABAQUS, and a rough deformable solid body was generated with the generated rough surface profile. e rough ground solid body was meshed using 3D solid element C3D8R, and the mesh size was refined in and near the contact region. e contact interaction between the rough ground and the baseplate was surface-to-surface contact, and the rough surface of the ground solid was defined as the slave surface while the bottom surface of the baseplate pad was the defined as master surface. e bottom of the ground solid was constrained from moving in any directions. e baseplate pad was defined as a rigid body, the centroid of which was chosen as the reference point. As shown in Figure 4 , a displacement in the z direction was applied to the reference point to move the baseplate pad incrementally to contact with the rough ground surface. e curves of normal reaction force versus normal displacement were fitted in a power-law function as follows:
where k and n are coefficients determined by surface parameters including the surface topography and material properties.
Dynamic Model.
Substituting the force-displacement equation (Equation (3)) into the kinetic equation of the TDOF system, the equation is obtained as follows:
is is normalized using the following nondimensional variables: 
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Equation (4) is expressed in a nondimensional form as
To simplify the nondimensional equation, the restoring force is approximated by a third-order Taylor series expansion, giving
where α 2 (n − 1)/2, α 3 (n − 1)(n − 2)/6. Equation (7) can be solved numerically using the fourthfth order Runge-Kutta method to obtain the dynamic Shock and Vibration response of the TDOF system. To validate the dynamic model, a eld experiment was developed in which the test vibrator was a 249 kN (55977 lbf ) vibrator mounted on an EV56 seismic vibrator as shown in Figure 5 (a). e acceleration of the reaction mass was obtained by an accelerometer located on the top of the reaction mass, as shown in Figure 5 (b). As given in Table 1 , the system parameters used for the following simulation were determined from the eld experiment, which comprised a 5.905 t reaction mass, a 1.923 t baseplate, and 32.5 t vehicle. Furthermore, the test vibrator was operated under sweep excitation with a frequency of 3-120 Hz, and the excitation amplitude is 99,600 N. e pro le of the test eld ground surface on which the vibrator was located was measured by a threedimensional laser scanner, and the parameter of Equation (3) for the test eld ground surface was determined using the nite element model as above. e acceleration of the reaction mass calculated by Equation (7) is shown in Figure 6 , along with the results measured by the accelerometer. From Figure 6 , the numerical results clearly agree with the experimental results.
erefore, this vibrator-rough ground coupled model can be used in further research to study how the rough surface topography in uences the dynamic response of the vibrator.
Results and Discussion
Force-De ection Characteristics of Rough Surfaces.
To establish the force-de ection characteristics of di erent rough grounds, di erent rough surface fractal parameters are chosen to construct di erent rough surface topographies. and (ii) G � 6e − 3 m, 6e − 5 m, and 6e − 6 m for D � 2.4. e elastic modulus of the baseplate pad is 2.12e5 MPa and that of the ground is 290 MPa. e equivalent elastic modulus E ′ (1/E ′ � (1 − υ 1 2)/E 1 + (1 − υ 2 2)/E 2 ) can be calculated, where E 1 , E 2 , υ 1 , and υ 2 are elasticity modulus and Poisson's ratio of baseplate pad and ground, respectively [33] . e variations of the force-deflection characteristics for the different values of D and G are shown in Figure 7 .
As can be seen in Figure 7 , the rougher the surface topography (lower D and higher G), the stronger the nonlinearity, and vice versa.
e values of k and n of Equation (3) for the different fractal parameters are given in Table 2 . e value of n clearly increases with rougher ground surface topography.
Undamped Free Vibrations.
e undamped free vibration of the TDOF system can be analyzed by setting the damping factor and excitation force to zero. Equation (7) then becomes
Because of the nonlinear restoring forces among the contact interfaces, the initial displacement of the vibrator can affect the natural frequency of the system. e initial conditions are x 1 � 0, _ x 1 � 0, and _ x 2 � 0 for differing initial displacement x 2 of the baseplate. e nondimensional natural frequencies for differing initial displacement x 2 Shock and Vibration avoiding contact loss are calculated by using the fourth-and fifth-order Runge-Kutta method and are shown in Figure 8 . e maximum initial displacement x 2 avoiding contact loss decreases with increasing n values, which corresponds to rougher contact interfaces. e maximum values of initial displacement x 2 in Figure 8 are 0.9771, 0.7946, and 0.6114 for n � 1.046, 1.653, and 2.333, respectively. It is noteworthy that the minimum values of initial displacement x 2 of the TDOF system differ from those of the SDOF system [21] .
e minimum initial displacement of SDOF system for different contact interfaces is −1, while the range of minimum initial displacement x 2 is x 2 (min) ≤ −1. As can be seen from Figure 8(a) , changing the initial displacement x 2 clearly has little influence on the first-order natural frequency of the system and mainly affects the second-order natural frequency under the present initial condition.
e secondorder natural frequency reaches the maximum value at the static equilibrium position and then decreases with the increase or decrease of the initial displacement from the static equilibrium position. In addition, the maximum reductions of the second-natural frequency are 8.54%, 5.66%, and 0.35% for n � 1.046, 1.653, and 2.333, respectively. According to the numerical results, it is inferred that the natural frequency of the baseplate decreases with the increase of the excitation force when the vibrator is in contact with rough ground surfaces.
e result is similar to the research of Rik and Guy [34] . Meanwhile, the decrease rate of natural frequency for rougher ground surface is larger.
Harmonic Excited Vibration Results.
To further understand how the rough contact interfaces influence the vibrator, the damped forced vibration characteristics of the system under external harmonic excitation are investigated. In order to obtain the effects of ξ 1 and ξ 2 on the frequency response of the system, several groups of various ξ 1 and ξ 2 values are used and the other system parameters are taken as above. Figure 9 shows the frequency response curves of the reaction mass and baseplate for different combinations of ξ 1 and ξ 2 . It can be seen that ξ 1 and ξ 2 have obvious effects on the amplitude reduction of the reaction mass and baseplate especially the peak amplitude. erefore, in the following study, ξ 1 and ξ 2 are taken as ξ 1 � 0.01 and ξ 2 � 0.05 to reduce the suppression of nonlinearity of the system. Figure 10 compares the forced damped characteristics for different values of n. It can be observed that, with increasing n, which corresponds to rougher surface topography, the amplitudes of the reaction mass and baseplate decrease.
e frequency response curves of the baseplate exhibit a jump phenomenon for n � 1.653 and 2.333, as do the frequency curves of the reaction mass at the same frequencies. However, there is no jump phenomenon observed in the resonance curves of the reaction mass. With the increase of the roughness of the surface topographies, the jump frequencies decrease as well as the hysteretic region between the jump-up and jump-down frequencies. It can also be observed that the frequency response curves for n � 1.653 and 2.333 bend to the left, the system exhibiting softening-spring-type behavior. Hence, when the vibrator is in contact with rough ground surface, due to the sweep excitation, the displacement response amplitude of the baseplate may jump to a larger value suddenly at the same drive level.
In the following section, the nondimensional frequency Ω and nondimensional excitation Y are taken as bifurcation parameters to obtain the bifurcation diagram of the baseplate in contact with the rough surface. e other parameters of the system are taken as u � 3.0707, r � 0.0016, ξ 1 � 0.01, and ξ 2 � 0.05. Figure 11 shows that, with increasing nondimensional excitation Y, the motion of the baseplate becomes more complicated.
erefore, the nondimensional excitation Y can affect the nonlinear oscillations of the coupled vibrator-rough ground system.
Cross sections of the three-dimensional bifurcation diagram for n � 2.333 are shown in Figure 12 . For Y � 0.3178, the motion of the system is periodic for Ω < 0.847 (approximately), then the system response jumps to another period motion. When Y � 0.943, the motion of the system is a periodic motion before about Ω < 1. At Ω � 1, the system enters chaotic motion, after which it returns to periodic motion through period-doubling bifurcation. erefore, the system exhibits period-doubling bifurcations. Based on the bifurcation diagrams, the relative Poincaré map and power spectrum are shown in Figures 13-18 , where (a) and (b) depict the Poincaré map on plane (x 2 , _ x 2 ) and the power spectrum, respectively. Poincaré map and power spectrum are efficient ways to distinguish the periodic motions and chaotic motions. At Ω � 0.8 ( Figure 13 ), period-1 motion is mainly based on the fundamental frequency vibration with the same frequency as the excitation, accompanied by highorder harmonics. Figure 14 shows that the Poincaré map has the appearance of a strange attractor typical of chaos, and the spectrum is a continuous curve. en, the system turns into a period-8 response at Ω � 1.006 ( Figure 15 ). e Poincaré map has eight points, and the spectrum has 1/8 subharmonic. With the increase of the exciting frequency, the eight points combine into four points, and then four points combine into two points (Figures 16 and 17 ). e spectrum has 1/4 subharmonic and 1/2 subharmonic as Ω � 1.01, 1.02, respectively. After Ω � 1.1 (Figure 18 ), the system enters into a periodic motion. According to the above results, the vibrator system may exhibit bifurcation and chaotic motion under high drive level. ese motions will affect the accuracy of vibrator output signal. Using multiple seismic vibrators to work at the same time rather than one seismic vibrator under high drive level is an efficient way to avoid chaotic motion.
Conclusions
Herein, the influence of the rough contact interfaces on a TDOF coupled vibrator-rough ground system was studied.
e main conclusions are as follows:
(1) e force-deflection characteristic of the contact interfaces between the vibrator and ground was determined by finite element analysis according to the fractal contact model. e restoring force of the nonlinear contact interfaces was described using a Shock and Vibrationpower-law function that depends on the finite element analysis results. (2) With the increase or decrease of the initial displacement, the second-order natural frequency of the system decreases and the reduction of the secondorder natural frequency increases with rougher contact interfaces. However, the initial displacement has little influence on the first-order natural frequency of the system. (3) e harmonic response analysis shows that the jump phenomenon occurs in the amplitude curves of the reaction mass and baseplate at the same frequencies. e jump frequencies and the response amplitude of the system both decrease with rougher contact interfaces. According to the three-dimensional bifurcation diagram, it is inferred that larger nondimensional excitation can cause the chaotic motions of the system with rough contact interfaces. It is found that, when a vibrator is used on rougher ground surface, it is not suitable to use excessive excitation force.
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